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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  Feasibility  of  ultra-thin  protective 
layer  for  a  stable  and  high-perform¬ 
ing  SOFC. 

•  Validates  a  theoretical  guideline  for 
bi-layered  electrolytes  prepared  by 
ALD. 

•  Chemical  and  structural  stability  of 
bi-layered  electrolytes  in  various 
environments. 

•  Useful  design/operational  guidelines 
for  IT-SOFCs  using  bi-layered  elec¬ 
trolyte  scheme. 
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This  study  investigates  the  functionality  of  bi-layered  electrolytes  in  intermediate  temperature  solid 
oxide  fuel  cells.  A  thin  yttria-stabilized  zirconia  (YSZ)  layer  is  expected  to  protect  the  underlying 
gadolinia  doped  ceria  (GDC)  electrolyte  from  being  chemically  reduced  and  significantly  improve  cell 
stability  and  durability.  Although  a  thinner  YSZ  layer  is  preferable  to  minimize  ohmic  loss,  there  are 
limitations  as  to  how  thin  the  YSZ  film  can  be  and  still  serves  as  a  valid  protection  layer.  The  limitation  is 
partially  attributed  to  the  inter-diffusion  and  significant  morphological  changes  during  the  high  tem¬ 
perature  sintering  processes.  In  this  study,  a  stable  operation  was  demonstrated  for  extended  duration 
(>80  h)  with  only  a  28  nm  YSZ  layer  (corresponding  to  a  YSZ/GDC  thickness  ratio  of  6.5  x  10-5)  when 
limitations  in  both  fabrication  (<~800  °C)  and  operating  conditions  (<~600  °C,  dry  H2)  were  imposed. 
Furthermore,  the  functionality  of  a  protection  layer  with  a  given  thickness  was  found  to  strongly  depend 
on  the  method  of  depositing  the  protective  layer.  Protective  layers  deposited  by  atomic  layer  deposition 
(ALD)  can  be  much  thinner  than  those  prepared  by  physical  vapor  deposition;  the  YSZ/GDC  thickness 
ratio  for  a  stable  operation  approached  close  to  a  theoretical  value  when  the  ALD  was  used. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Intermediate  temperature  (600-800  °C)  solid  oxide  fuel  cells 
(IT-SOFCs)  have  been  actively  studied  due  to  many  advantages  over 
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volume,  start-up  time  and  device  applicability  [1].  However,  a 
decrease  in  operating  temperature  causes  a  significant  sacrifice  of 
ionic  conductivity,  which  motivated  researchers  to  seek  electro¬ 
lytes  with  much  higher  conductivity  than  yttria-stabilized  zirconia 
(YSZ).  Doped  ceria  such  as  gadolinia  doped  ceria  (GDC)  can  be  a 
good  electrolyte  candidate  for  IT-SOFCs  because  they  are  ~  5  times 
more  conductive  than  YSZ  at  600  °C  [2-4].  However,  doped  ceria  is 
vulnerable  to  chemical  instability  in  a  low  oxygen  partial  pressure 
environment.  Ceria  reduction  gives  rise  to  electronic  conductivity, 
and  thus  lowers  the  open  circuit  voltage  (OCV)  and  power  density 
of  the  cell  [5].  It  can  also  cause  internal  stress  owing  to  the  resulting 
volumetric  expansion,  which  will  negatively  affect  the  gas  tightness 
and  the  structural  reliability  of  cells  [6,7]. 

Significant  efforts  to  improve  chemical  stability  while  main¬ 
taining  high  ionic  conductivity  have  resulted  in  various  types  of  bi- 
layered  electrolyte  configurations  [8-12].  The  YSZ/GDC  bi-layered 
electrolyte  has  been  arguably  one  of  the  most  popular  ap¬ 
proaches  among  the  bi-layer  schemes  [13-18].  A  thin  YSZ  film  of 
the  YSZ/GDC  system  serves  as  a  protective  layer  against  chemical 
degradation  of  ceria  in  a  reducing  gas  environment. 

An  important  issue  of  zirconia/ceria  based  bi-layered  structure 
is  inter-diffusion  between  the  two  layers.  Tsoga  et  al.  reported  that 
YSZ  and  GDC  layers  were  mixed  and  a  resulting  secondary  phase 
(Ce0.37Zr0.38Gd0.i8Y0.07O1.87)  has  a  lower  ionic  conductivity  than  YSZ 
by  two  orders  of  magnitude  at  800  °C  [19].  In  another  study,  Zhou 
et  al.  showed  that  the  diffusion  of  Ce  into  YSZ  causes  an  increase  in 
electronic  conductivity  and  a  decrease  in  ionic  conductivity  [20]. 
This  is  a  critical  issue  for  a  nano-thin  YSZ-based  bi-layered 
electrolyte  since  a  slight  intermixing  can  disrupt  the  functionality 
of  YSZ  as  a  protection  layer.  Another  issue  was  micro-cracks 
generated  in  the  GDC  layer  during  volumetric  expansion  under 
reducing  conditions.  This  needs  to  be  minimized  because  even  a 
small  morphological  change  on  the  surface  of  GDC  can  affect  the 
adhesion  and  gas  tightness  of  the  neighboring  YSZ  layer.  The  vol¬ 
ume  expansion  is  caused  by  the  replacement  of  Ce4+  ions  (with  an 
ionic  radius  of  0.97  nm)  with  larger  Ce3+  ions  (with  an  ionic  radius 
of  1.14  nm)  during  the  reduction  process  [21  ].  With  these  issues  in 
mind,  we  examined  the  compositional  and  morphological  changes 
of  the  bi-layered  electrolytes  with  multi-thickness  YSZ  layers  on 
GDC  substrates  under  various  temperatures  and  gas  environments. 

There  are  several  requirements  to  obtain  a  high-performance 
protective  layer.  We  need  to  be  able  to  fine-control  the  optimal 
YSZ  thickness  to  avoid  redundant  ohmic  loss.  A  pinhole-free  and 
dense  layer  is  also  needed  to  prevent  the  direct  access  of  fuel  gas  to 
the  underlying  ceria  layer.  High  film  uniformity  would  suppress  the 
formation  of  “hot  spots”  where  electrical  current  is  concentrated 
and/or  ceria  reduction  is  facilitated  due  to  a  thinner  protection 
layer.  In  order  to  meet  all  these  requirements,  we  employed  atomic 
layer  deposition  (ALD)  technique,  which  is  known  to  provide 
pinhole  free  and  dense  layers  with  high  uniformity,  superior  step 
coverage  and  accurate  thickness  control  capabilities  [22].  In  this 
report,  we  also  compare  the  functionality  of  YSZ  protective  layer 
prepared  by  the  ALD  with  those  by  physical  vapor  deposition  (PVD) 
techniques. 


2.  Experimental 

We  operated  and  characterized  mixed-electrolyte  cells  exposed 
to  a  high  temperature  fabrication  condition.  Then  we  performed 
compositional  and  morphological  stability  tests  in  various  environ¬ 
ments  for  bi-layered  samples  without  electrodes  fabricated  via  ALD. 
Obeying  the  restrictions  for  operation  and  fabrication  processes,  we 
tested  non-mixed  bi-layered  electrolyte  cells  and  compared  these 
results  to  the  reported  data  from  other  deposition  methods. 
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Fig.  1.  Characterization  results  from  as-deposited  YSZ/GDC  electrolytes,  (a)  XPS  pro¬ 
files  for  the  28YG  and  63 YG  samples;  no  Gd  or  Ce  peak  found  on  their  surfaces,  and  (b) 
ellipsometry  thickness  with  the  ALD  pulsing  cycles  of  350,  700  and  1400  (corre¬ 
sponding  to  28YG,  63YG  and  150YG,  respectively)  and  cross-sectional  SEM  images  of 
63YG  and  150YG. 

2.1.  Bi-layered  cell  preparation 

In  order  to  fabricate  GDC  samples,  10%  GDC  powder  ((Ceo.gGdo.i) 
O1.95,  GDC10-HP;  NexTech  Materials  Ltd.,  USA)  was  pressed  at 
2000  bar  in  a  cold  isostatic  press  (CIP)  followed  by  a  sintering 
process  at  1450  °C.  The  resulting  GDC  was  grounded  to  a  thickness 
of  ~  500  pm  and  the  sliced  pieces  were  thinned  down  to  430  pm 
with  a  mechanical  polisher.  Then,  a  firing  process  was  performed  at 
600  °C  for  2  h  to  eliminate  polishing  agents.  The  resulting  average 
roughness  was  134  nm.  We  applied  the  ALD  technique  to  deposit  a 
YSZ  layer  on  the  GDC.  Tetrakis(dimethylamido)zirconium 
([(CH3)2N]4Zr,  Sigma- Aldrich®,  USA)  and  tris(methylcyclopenta- 
dienyl)yttrium  ((Q^CsH^Y,  Strem  Chemicals,  Inc.,  USA)  were 
used  as  the  precursors  of  the  zirconia  and  yttria,  where  the  ratio  of 
pulsing  numbers  between  zirconia  and  yttria  was  7:1  [23].  The 
reaction  chamber  was  controlled  at  230  °C,  while  distilled  water 
was  used  as  the  oxidant.  The  cycle  numbers  for  the  YSZ  deposition 
were  fourfold:  0,  350,  700  and  1400  cycles.  The  mole  fraction  of 
yttria  in  the  YSZ  is  found  to  be  ~  7%  from  the  X-ray  photoelectron 
spectroscopy  (XPS)  analysis  shown  in  Fig.  1(a). 

For  the  cells  exposed  to  high  sintering  temperatures,  GDC-NiO 
cermet  (50:50)  and  GDC-lanthanum  strontium  cobalt  ferrite 
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(GDC-LSCF,  50:50)  were  used  for  the  anodes  and  cathodes, 
respectively.  Both  electrodes  were  screen-printed  followed  by  a  2 
h-long  sintering  process.  We  maintained  a  sintering  temperature  of 
1400  °C  for  anodes  and  1200  °C  for  cathodes.  The  rate  of  heating 
and  cooling  for  the  sintering  was  3  °C  min-1,  which  was  found  to  be 
slow  enough  not  to  cause  any  significant  cracking  or  fracturing  in 
the  final  cells.  The  thickness  of  each  electrode  was  30  pm. 

For  the  cells  not  exposed  to  high  temperature,  Pt  sputter  de¬ 
positions  (ATI 2,  Atech  Co.,  Korea)  on  both  sides  of  the  ALD-YSZ  bi- 
layered  electrolyte  completed  the  cell  fabrication  process.  Sputter 
deposition  was  performed  at  the  Ar  pressure  of  8  Pa  and  ambient 
temperature  to  obtain  a  porous  layer.  200  W  DC  power  was  used 
and  the  target-to-sample  distance  was  10  cm. 

With  the  purpose  of  minimizing  the  surface  morphology- 
originated  artifacts  for  atomic  force  microscopy  (AFM)  and  maxi¬ 
mizing  the  accuracy  of  depth  profiling  for  XPS  in  stability  tests,  GDC 
surfaces  were  polished  using  a  chemical  mechanical  polisher  (CMP, 
Brand  Laser  Optics  &  MFG,  USA)  before  depositing  YSZ  layers.  After 
the  firing  process  at  600  °C  and  the  ALD-YSZ  layer  deposition  on  the 
polished  GDC,  the  final  roughnesses  of  all  the  four  kinds  of  samples 
with  different  YSZ  thicknesses  were  below  2  nm.  Then  we  exposed 
the  samples  to  air  with  ambient  temperature,  600,  800, 1200  and 
1500  °C  for  5  h,  and  to  humidified  H2  (H20/(H2  +  H20)  =  3%)  with 
600  and  800  °C. 


2.2.  Material  characterizations 

Field  emission  scanning  electron  microscope  (FE-SEM)  systems 
with  high  magnification  and  focused  ion  beam  (FIB)  systems  (Strata 
235DB  dual-beam,  FEI,  USA,  Quanta  3D  FEG,  FEI,  USA  and  Supra 
55VP,  Carl  Zeiss,  Germany)  were  used  to  observe  the  top  view  and 
the  cross-sectional  bi-layers  of  YSZ/GDC.  The  thickness  of  ALD-YSZ 
on  the  fine-polished  GDC  surface  was  quantified  using  a  single¬ 
wavelength  ellipsometer  (L116C,  Gaertner  Scientific  Corp.  USA). 
The  ellipsometer  was  set  to  an  incident  angle  of  70°  and  a  refractive 
index  of  2.13  for  the  YSZ  film.  XPS  (VersaProbe  Scanning  XPS 
Microprobe,  PHI,  USA  and  AXIS-HSi,  Kratos  Analytical,  USA)  was 
used  to  analyze  the  chemical  profile  of  bi-layered  electrolytes  along 
the  depth  direction.  An  AFM  (Nano  Station  II,  Surface  Imaging 
Systems,  Germany)  was  used  to  characterize  the  surface 
morphology  and  roughness.  All  the  images  were  obtained  using  the 
contact  mode  with  the  scan  size  of  4  x  4  pm2. 

2.3.  Electrochemical  characterizations 

The  custom-built  fuel  cell  test  station  was  mainly  composed  of 
an  electric  tube  furnace  with  a  temperature  controller,  cell  sup¬ 
porting  jigs,  a  pressing  unit,  gas  flow  tubes  with  mass  flow  con¬ 
trollers,  and  a  humidifier  at  the  anode  line.  Measurements  of  OCVs 
were  conducted  using  an  electrochemical  potentiostat  (SI  1287, 
Solartron  Analytical,  UK,  and  SP-240,  Bio-logic,  France).  Ni  and  Pt 
meshes  were  used  as  current  collectors  on  anode  and  cathode 
sides,  respectively.  The  pressing  unit  applied  0.5  kgf  between  the 
upper  and  lower  supporting  jigs  during  measurements  to  ensure 
gas  tightness.  A  gold  O-ring  (GG030020,  Scientific  Instrument 
Services  Inc.,  USA)  was  used  as  a  gas  sealant. 

In  the  OCV  measurements  for  the  cells  exposed  to  high  sintering 
temperatures,  humidified  5%  H2  (H20/(H2+N2+H20)  =  3%;  H2/ 
(H2+N2)  =  5%)  and  air  were  supplied  to  the  anode  and  cathode, 
respectively.  The  gas  pressure  throughout  the  experiment  was 
2  atm  and  the  cell  temperature  during  the  measurement  was 
600  °C.  For  the  experiments  of  the  cells  not  exposed  to  high  tem¬ 
perature,  99.999%  dry  H2  and  air  (both  at  2  atm)  were  used  as  a  fuel 
and  an  oxidant  gas. 


Time /  hour 


Time  /  lOOOsec 

Fig.  2.  (a)  A  simplified  drawing  of  the  electrochemical  measurement  setup,  (b)  OCV 
results  measured  at  600  °C  for  the  pure  GDC  (blue  circle),  63YG  (yellow  triangle)  and 
150YG  (red  cross)  cells  that  have  been  exposed  to  a  sintering  temperature  of  1400  °C. 
Only  the  150YG  cell  showed  the  protection  functionality  in  humidified  5%  H2  fuel 
environment,  (c)  Time  evolution  of  OCV  measured  through  an  ScSZ-based  cell  (green) 
and  a  150YG-based  cell  (red);  the  ScSZ  cell  showed  an  OCV  very  close  to  the  ther¬ 
modynamically  predicted  values  while  the  150YG  cell  suffered  from  larger  contribu¬ 
tions  of  ceria  reduction  under  H2  concentrations  of  >~20%  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.). 


3.  Results  and  discussion 

3.1.  Cells  exposed  to  high  temperature  fabrication  processes 

As  mentioned  earlier,  a  thinner  YSZ  layer  is  advantageous  to 
minimize  additional  ohmic  loss.  However,  there  are  limitations  on 
how  thin  a  YSZ  layer  can  be  because  a  nano-thin  protection  layer 
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may  not  survive  the  usual  sintering  temperatures  for  cermet-based 
electrodes  (>1000  °C).  Hence,  we  first  made  the  bi-layered  elec¬ 
trolyte  cells  using  a  typical  sintering  process  expecting  the  change 
of  the  electrolyte  structure. 

A  single  wavelength  ellipsometer  was  used  to  measure  the 
thickness  of  as-deposited  YSZ  layers  by  ALD  (ALD-YSZ).  The 
measured  thicknesses  with  the  number  of  ALD  pulsing  cycles  is 
shown  Fig.  1(b);  the  thicknesses  of  YSZ  after  350,  700  and  1400 
cycles  were  28,  63  and  150  nm,  respectively.  For  the  sake  of  con¬ 
venience,  we  labeled  the  four  different  kinds  of  bi-layers  pure  GDC 
(no  YSZ  layer),  28YG,  63YG  and  150YG,  where  the  numbers  repre¬ 
sent  the  YSZ  thickness  in  nanometers.  Insets  of  Fig.  1(b)  are  cross- 
sectional  FE-SEM  images  for  the  63 YG  and  150YG.  These  images 
show  agreement  with  the  ellipsometry  measurements.  An  XPS 
analysis  was  also  performed  on  the  YSZ  surfaces  of  as-deposited  bi- 
layered  electrolytes.  Shown  in  Fig.  1(a),  the  XPS  profiles  obtained  on 
the  surfaces  of  the  28YG  and  63YG  films  show  only  Y  and  Zr  peaks 
without  any  Gd  or  Ce  peaks  [24].  The  absence  of  Gd  or  Ce  peaks 
indicates  that  the  underlying  GDC  is  entirely  covered  by  the  thin 
ALD-YSZ  layers. 

After  screen-printing  the  GDC-NiO  anode  and  GDC-LSCF 
cathode  on  each  of  the  four  bi-layered  electrolytes,  we  measured 
the  OCVs  of  the  resulting  cells.  Note  that  the  electrode  screen¬ 
printing  process  required  high  temperature  sintering  steps 
(1400  °C  for  anodes  and  1200  °C  for  cathodes).  A  simplified 
schematic  drawing  of  the  electrochemical  measurement  setup  is 
presented  in  Fig.  2(a).  The  OCV  with  the  humidified  5%  H2  fuel  for 
the  63  YG  and  pure  GDC  cells  shown  in  Fig.  2(b)  decreased  grad¬ 
ually  over  time  and  eventually  dropped  below  0.8  V  after  -8  h. 
Nevertheless,  the  cell  with  the  thickest  YSZ  protection  layer 
(150YG  cell)  maintained  an  OCV  of  -0.94  V  throughout  the 
measurement.  This  value  is  very  close  to  the  Nernstian  voltage 
(0.95  V)  under  the  given  temperature  and  gas  environment.  The 
functionality  of  the  bi-layer  was  further  studied  by  varying  the  H2 
concentration.  By  increasing  H2  concentration,  the  thermody¬ 
namically  determined  Nernstian  potential  will  increase  by  an 
amount  proportional  to  the  logarithm  of  H2  concentration.  On  the 
other  hand,  a  higher  H2  concentration  will  facilitate  the  chemical 
reduction  of  the  ceria  electrolyte,  causing  higher  electronic 
leakage  and  thus  a  decrease  in  OCV.  These  two  contributions  are 
also  reflected  in  the  OCV  profile  of  the  150YG  (red  line  in  Fig.  2(c)); 
Up  to  20%  H2  concentration,  the  influence  of  thermodynamics  is 
apparent.  At  higher  concentrations,  however,  the  degradation  of 
electrolyte  became  predominant  due  to  the  ceria  reduction.  From 
these  OCV  measurements,  it  was  verified  that  the  bi-layered 
electrolyte  exposed  to  sintering  temperature  is  vulnerable  to  a 
highly  reducing  environment  even  with  a  150  nm  thick  YSZ.  As  a 
comparison,  the  same  OCV  measurement  was  performed  on  a  cell 
with  a  zirconia-based  electrolyte,  which  is  widely  known  to  be 
chemically  stable  under  a  wide  range  of  temperatures  and  oxygen 
partial  pressure  (p(02)).  We  used  a  commercial  150  pm  thick 
scandia  stabilized  zirconia  based  button  cell  (ScSZ;  NEXTCELL-2.5, 
NexTech  Materials  Ltd.,  USA).  The  corresponding  OCV  profile 
shown  in  the  green  line  in  Fig.  2(c)  actually  displayed  the  pre¬ 
dominant  contribution  from  the  Nernstian  behavior  (as  opposed 
to  the  electrolyte  degradation).  From  the  comparison  with  the 
ScSZ-based  cell,  the  OCV  dependency  of  bi-layered  cells  on  the  H2 
concentration  strongly  suggests  that  it  is  especially  due  to  the 
chemical  reduction  of  the  GDC  layer  resulting  in  an  electronic 
short  circuit. 

As  shown  above,  pure  GDC  and  63YG  cells  could  not  maintain 
decent  OCV  values,  whereas  the  150YG  showed  a  value  close  to  the 
theoretical  data  for  the  entirety  of  the  experiment.  The  cross- 
sectional  SEM  images  shown  in  Fig.  3  provide  a  partial  explana¬ 
tion  of  this  occurrence.  The  150  nm  thick  YSZ  layer,  which  is  clearly 


visible  in  the  as-deposited  sample  (Fig.  3(a)),  became  significantly 
obscure  after  being  exposed  to  1400  °C  (Fig.  3(b)).  (The  bright  area 
visible  on  top  of  the  YSZ  layer  is  a  Pt  film  in  order  to  minimize 
electronic  charging  during  the  SEM  imaging.)  The  contrast  between 
the  two  images  may  be  an  indication  of  a  significant  inter-diffusion 
between  YSZ  and  GDC  layers,  which  occurred  during  the  high 
temperature  sintering  process  [19].  Even  though  the  YSZ  layer  is 
not  clearly  defined  in  Fig.  3(b),  there  is  a  thin  dark  region  right 
below  the  Pt  layer  and  a  following  gradient  in  brightness  along  the 
thickness  direction.  The  stable  OCV  value  of  the  150YG  cell  shown 
in  Fig.  2(b)  can  be  explained  by  the  remaining,  non-mixed  region 
(i.e.,  the  thin  dark  region  in  Fig.  3(b)).  It  may  have  remained  as  a 
close-to-stoichiometric  YSZ,  and  thus,  still  functioned  as  the  pro¬ 
tection  layer  although  a  significant  portion  of  its  thickness  mixed 
with  the  neighboring  GDC  layer.  In  the  same  vein,  the  low  OCV  of 
the  63YG  cell  is  ascribed  to  a  complete  inter-diffusion  affecting  the 
whole  YSZ  thickness.  Since  a  significant  increase  in  electronic 
conductivity  is  expected  when  YSZ  is  mixed  with  GDC  [20],  the 
amount  of  non-mixed  YSZ  can  be  a  determining  factor  for  the  bi¬ 
layer  functionality.  Surprisingly,  the  OCV  of  the  63YG  cell  is  even 
lower  than  that  of  the  pure  GDC  cell.  Though  a  more  extensive 
study  is  needed  to  confirm  the  prediction,  it  may  be  attributed  to 
the  consumption  of  pure  GDC  film  in  the  63YG  bi-layer  by  the  inter¬ 
mixing  process.  This  process  will  make  the  effective  electronically 
insulating  layer  thinner,  and  result  in  a  higher  electronic  leakage 
through  the  electrolyte. 

We  also  studied  how  the  structure  and  chemical  composition  of 
a  YSZ/GDC  film  changes  under  various  temperatures  ranging  from 
600  °C  to  1500  °C.  (Note  that  a  bi-layered  cell  with  a  GDC-NiO 
cermet-based  anode  is  usually  prepared  at  -1500  °C.)  In  order  to 


Fig.  3.  A  visual  comparison  between  non-mixed  and  mixed  bi-layered  electrolytes 
(150YG  sample),  (a)  The  FIB-SEM  image  of  as-deposited  electrolyte  shows  the  clear 
interface  between  GDC  and  YSZ.  (b)  The  bi-layered  sample  exposed  to  a  typical  elec¬ 
trode  sintering  process  lost  significant  contrast  around  the  YSZ  layer. 
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confirm  the  inter-diffusion  between  the  YSZ  and  GDC,  a  set  of 
depth-profiling  XPS  analyses  was  performed.  Fig.  4  shows  the  XPS 
chemical  profile  along  the  depth  direction  of  the  63YG  sample 
which  consisted  of  the  63  nm  ALD-YSZ  film  and  nano-polished  GDC 
substrate.  The  as-deposited  sample  shows  a  sharp  compositional 
transition  around  the  YSZ/GDC  interface  as  expected.  The  bi- 
layered  sample  exposed  to  800  °C  also  does  not  show  any  Ce  or 
Gd  concentration  around  the  film  surface  (the  left-most  part  of  the 
graphs).  Nonetheless,  the  sample  exposed  to  1200  °C  displayed  a 
significant  diffusion  of  its  GDC  into  the  YSZ  layer;  Ce  concentration 
became  especially  significant  around  the  surface  of  the  bi-layered 
film.  Exposure  to  1500  °C  made  the  whole  film  virtually  uniform 
in  chemical  composition,  indicating  a  complete  mixture  of  the  two 
layers.  These  results  concur  with  a  previous  report  by  Zhou  et  al. 
showing  changes  in  lattice  parameter  starting  >1000  °C  in  a  YSZ 
and  GDC  mixture  [20]. 

Morphological  thermal  stability  of  the  bi-layered  electrolyte  was 
also  examined  because  even  slight  morphological  variation  can  be 
highly  detrimental  to  the  functionality  of  an  ultra-thin  protection 
layer.  Fig.  5  illustrates  the  surface  topography  images  of  a  pure  GDC 
and  two  YSZ/GDC  bi-layer  samples  obtained  after  exposing  the 
samples  at  different  temperatures.  The  surface  roughness  of  as- 
deposited  film  was  below  2  nm  regardless  of  the  thickness  of  the 
YSZ  protection  layer.  Furthermore,  there  was  no  significant 
roughness  difference  among  the  samples  exposed  to  a  temperature 
<800  °C.  Combined  with  the  XPS  result  in  Fig.  4(b),  it  can  be 
concluded  that  a  fabrication  temperature  of  <800  °C  does  not  cause 
morphological  or  chemical  complication  to  the  nano-thin  bi- 
layered  electrolyte.  However,  samples  exposed  to  1200  °C  start  to 
show  a  significant  change  in  the  surface  morphology.  The  GDC 
grain  boundary  of  pure  GDC  became  apparent  while  the  grain  size 
was  virtually  unchanged.  One  notable  phenomenon  observed  in 
Fig.  5(k)  is  that  the  formation  of  YSZ  grains  is  concentrated  along 
the  GDC  grain  boundaries.  This  is  tentatively  attributed  to  the 
natural  preference  of  minimizing  the  overall  surface  energy.  In  a 
fuel  cell  operating  environment,  agglomerated  YSZ  along  the  GDC 
grain  boundaries  causes  exposure  of  a  significant  portion  of  the 
GDC  surface  directly  to  the  fuel.  In  this  case,  the  YSZ  layer  would 
hardly  function  as  a  protection  layer,  and  the  chemical  degradation 
rate  should  not  be  significantly  different  from  a  pure  GDC.  The 
150YG  sample  in  Fig.  5(1)  also  shows  grain  formation,  but  due  to  the 
thicker  YSZ  layer,  the  ‘localized’  agglomeration  effect  (i.e., 
agglomeration  of  YSZ  along  the  grain  boundaries  of  GDC)  found  on 
the  63YG  sample  was  barely  observed.  Even  so,  the  agglomeration 
may  create  unwanted  physical  paths  of  gas  access  to  the  GDC 
substrate.  As  shown  in  Fig.  5(m)-(o),  the  exposure  to  1500  °C 
resulted  in  a  dramatic  increase  in  the  grain  size  and  surface 
roughness.  Note  that,  the  z-scales  for  these  (m)-(o)  samples  are  10 
times  larger  than  the  other  images.  The  resulting  grain  size,  which 
was  even  larger  than  the  YSZ  thicknesses,  implies  that  the  whole 
YSZ  layer  is  likely  to  have  been  mixed  with  the  underlying  GDC. 
This  was  already  proved  by  the  XPS  analysis  in  Fig.  4(d)  and  our 
anticipation  of  lower  OCV  of  the  63YG  cell  than  pure  GDC  cell  in 
Fig.  2(b)  was  supported  by  these  results. 

Up  to  this  point,  we  have  discussed  the  thermal  stability  of  bi- 
layered  electrolytes  during  a  sintering  process  where  the  electro¬ 
lyte  is  in  an  air-based  environment.  Fig.  6  shows  the  morphological 
evolution  of  a  bare  GDC  and  bi-layers  under  an  operational  envi¬ 
ronment  (where  wet  H2  and  air  are  provided  to  anode  and  cathode, 
respectively).  When  the  pure  GDC  was  exposed  to  humidified  H2, 
the  roughness  increased  by  a  factor  of  3  (from  1.90  to  5.94  nm)  at 
600  °C.  Note  that  no  significant  change  in  roughness  was  observed 
in  air  at  the  same  temperature.  The  origin  of  roughness  is  micro¬ 
crack  generation  in  ceria  due  to  the  internal  stress  between  a 
reduced  (expanded)  surface  and  a  non-reduced  internal  region 


sputtering  depth  /  nm 


Fig.  4.  XPS  depth  profiles  of  63YG  electrolytes  exposed  to  various  temperatures.  Red 
dashed  lines  indicate  the  original  interface  between  YSZ  and  GDC  and  “0  nm”  sput¬ 
tering  depth  means  the  sample  surface,  (a)  As-deposited  63YG  and  63YG  samples 
exposed  to  (b)  800  °C,  (c)  1200  °C,  and  (d)  1500  °C  (For  interpretation  of  the  references 
to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.). 

[25].  If  the  thickness  of  YSZ  is  not  enough  to  protect  GDC  from 
reduction,  the  roughness  evolution  of  the  GDC  surface  affects  the 
structure  of  YSZ  layer  and  makes  the  layer  permeable  to  fuel  gas.  At 
lower  temperatures,  the  YSZ  protection  layer  better  serves  its  role 
under  the  reducing  environment  for  an  extended  period  of  time 
(100  h).  At  600  °C,  the  change  in  roughness  was  minimal,  even  with 
the  thinnest  YSZ  layer  (28  nm).  At  800  °C,  however,  only  the  sample 
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(d)  1.24  nm  (e)  1.80  nm  (f)  1.05  nm 


(j)  2.92  nm  (k)  2.43  nm  (I)  3.46  nm 


(m)  79.0  nm  (n)  108  nm  (o)  88.7  nm 

Fig.  5.  AFM  topography  images  of  pure  GDC,  63YG  and  150YG  samples  obtained  after  exposing  them  to  various  temperatures.  The  scanned  areas  are  4  x  4  pm2  and  the  z-scales  for 
(m),  (n)  and  (o)  are  10  times  larger  than  the  other  images.  The  numbers  are  RMS  values  of  roughness. 


with  the  thickest  (150  nm)  YSZ  layer  showed  roughness  stability. 
With  these  results,  we  can  determine  that  the  critical  operational 
condition  necessary  for  the  stability  of  a  bi-layer  exists  for  the  given 
thickness  of  protective  layer. 

3.2.  Cells  without  exposure  to  high  temperatures 

In  the  previous  section,  we  observed  that  high  temperature 
sintering  (>-1000  °C)  causes  significant  morphological  and 
compositional  changes  and  thus  dismantles  the  function  of  the  thin 
YSZ  protection  layer.  In  order  to  study  the  effect  of  the  YSZ  layer  as  a 
chemical  stabilizer  during  an  SOFC  operation  excluding  the  impact 
of  these  morphological/chemical  changes,  the  fabrication  and 
operational  temperatures  were  limited  up  to  only  600  °C.  Fig.  7 
shows  the  time  evolution  of  OCV  measured  at  600  °C  for  a  pure 
GDC  sample  and  three  bi-layered  samples  with  different  ALD-YSZ 


thicknesses  (28,  63  and  150  nm  thick).  We  used  sputtered  Pt  as 
both  anode  and  cathode  because  typical  wet  methods  of  ceramic 
electrodes  necessitate  high  temperature  sintering  processes. 
Compared  to  humidified  H2,  dry  H2  in  these  OCV  measurements 
renders  lower  p(02),  and  therefore  is  a  harsher  environment  for 
ceria-based  electrolytes.  Even  under  the  harsh  environment,  all  the 
ALD-YSZ  coated  cells  showed  stable  OCVs  of  >1  V  even  after  —80  h, 
whereas  the  GDC  cell  without  a  YSZ  protection  layer  displayed  a 
significant  decrease  in  OCV  over  time  (<0.6  V  after  -50  h).  It  is 
noteworthy  that  even  the  28  nm  thick  ALD-YSZ  layer  successfully 
acted  as  a  protective  layer  enabling  a  long-term  operation  of  the 
cell,  even  under  dry  H2  environment.  To  the  best  of  our  knowledge, 
there  has  been  no  previous  report  showing  such  a  long-term  sta¬ 
bility  of  ceria-based  cells  using  a  nano-thin  protection  layer. 

After  80  h-long  OCV  measurements  of  the  28 YG  cell  at  600  °C, 
the  cell  temperature  was  raised  to  800  °C  at  4  °C  min1.  At  first  we 


120 


Y.  Jee  et  al.  /  Journal  of  Power  Sources  253  (2014)  114-122 


Pure  GDC 


o 

o 


r\i 

X 

u 

o 

o 

o 

VO 


28YG 


63  YG  150YG 


LO 


u 

o 

o 

o 

CO 


Fig.  6.  AFM  topography  images  of  pure  GDC,  63YG  and  150YG  samples  obtained  after  exposing  them  to  600  °C  and  800  °C  under  humidified  H2  environments.  The  scanned  areas 
are  4  x  4  pm2.  The  numbers  are  RMS  values  of  roughness. 


observed  a  fast  OCV  drop  (4.4  mV  min-1)  at  800  °C,  then  we 
decreased  the  temperature  at  the  rate  of  -4  °C  min"1.  When  the 
temperature  reached  back  to  600  °C,  the  OCV  was  0.97  V,  but 
dropped  to  0.89  V  in  10  min.  The  OCV  loss  was  not  recovered  even 
after  hours  of  operation  at  600  °C;  the  damage  to  the  cell  was 
permanent  once  incurred. 


3.3.  Advantage  of  ALD  as  the  protection  layer  deposition  technique 


Although  PVD  techniques  such  as  AC  magnetron  sputter  depo¬ 
sition  and  pulsed  laser  deposition  (PLD)  have  been  widely  used  to 
deposit  functional  layers  at  relatively  low  temperatures  [11  — 
14,26,27].  We  considered  the  ALD  technique  more  advantageous 
in  depositing  a  pinhole-free  and  highly  uniform  protection  layer. 
The  postulated  advantages  become  evident  when  the  current  work 
is  compared  to  a  recent  work  performed  by  Myoung  et  al.  in  which 
the  PLD  technique  was  used  to  deposit  the  protection  layer  [14]. 
They  reported  a  similar  YSZ/GDC  bi-layer  study.  The  thickness  of 
YSZ  varied  between  25  and  200  nm  while  that  of  GDC  was  1  pm.  As 
expected,  the  OCVs  from  the  cells  scattered  less  as  the  YSZ 
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Fig.  7.  Time  evolution  of  OCV  under  dry  H2  at  600  °C  for  the  pure  GDC  (blue  circle), 
28YG  (black  rectangle),  63YG  (yellow  triangle)  and  150YG  (red  cross)  cells.  These  cells 
were  not  exposed  to  a  temperature  above  600  °C.  All  the  ALD  based  bi-layered  cells 
including  28YG  (with  a  YSZ-GDC  thickness  ratio  of  6.5  x  10-5)  maintained  OCVs  over 
1  V  for  ~  80  h  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.). 


thickness  increased.  However,  the  OCVs  were  close  to  the  theo¬ 
retical  value  (>1  V)  even  with  a  YSZ  thickness  as  thin  as  25  nm. 
Though  their  report  successfully  presented  the  role  of  a  nano-thin 
protection  layer,  it  is  still  worthwhile  to  compare  their  result  with 
those  presented  in  this  report  as  detailed  below. 

Recently,  Kwon  et  al.  analytically  predicted  the  minimum 
thickness  of  the  YSZ  layer  required  to  protect  the  neighboring  GDC 
layer  from  reduction  [28].  The  electronic  and  ionic  conductivities  of 
both  GDC  and  YSZ  were  obtained  from  the  given  oxygen  activity 
and  temperature,  which  was  in  accordance  with  previous  reports 
[2,3,29].  Based  upon  the  known  ionic/electronic  conductivities  and 
charge  conservation  criterion,  they  deduced  expressions  to  predict 
the  YSZ/GDC  thickness  ratio  that  would  have  both  the  electrolytes 
stay  in  the  “electrolytic  domain”.  The  electrolytic  domain  is  defined 
as  the  situation  where  the  ionic  transfer  number  is  larger  than  0.5. 
The  resulting  equations  to  quantify  p(02)  on  the  fuel  side  and  the 
thickness  ratio  required  to  be  in  the  electrolytic  domain  read  as 
follows  [28,30]. 
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where  AG  is  standard  free  energy  change  for  H2/H20  reaction  and 
(7ion  is  ionic  conductivity.  Pq2,  Pq2  and  Pq2  denote  the  p(02)  at  the 
air,  YSZ/GDC  interface  and  fuel  side,  respectively.  At  least,  Pg2  must 
be  at  the  lower  electrolytic  boundary  (or  reducing  boundary)  where 
the  electronic  and  ionic  conductivities  are  the  same,  i.e.,  this  is  a 
material  property. 

In  Myoung  et  al.’s  work  mentioned  above,  3%  humidified  H2, 
equivalent  to  the  p(02)  of  1.58  x  10-22  Pa,  was  used  as  the  fuel.  In  this 
case,  the  minimum  YSZ  thickness  required  to  be  in  the  electrolytic 
domain  is  1.4  x  10  7  of  the  GDC  thickness.  However,  their  bi-layer, 
even  with  a  much  higher  thickness  ratio  (25  nm  thick  YSZ;  equiva¬ 
lent  to  the  thickness  ratio  of  2.5  x  10-2),  could  not  render  a  stable 
OCV;  it  resulted  in  a  significant  OCV  scattering  from  0.45  to  1.05  V. 
Our  fuel,  on  the  other  hand,  was  dry  H2  (99.999%),  equivalent  to  a 
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p( O2)  of  1.65  x  1CT29  -  1.65  x  1CT31  Pa.  The  finite  range  in  the  p( O2) 
came  from  the  specified  variations  in  the  H20  content  among  its 
impurities.  The  corresponding  minimum  YSZ  thickness  needed  to 
suppress  electronic  conduction  was  9.7  x  10-6-  3.1  x  1CT5  of  GDC 
thickness.  The  required  thickness  was  thicker  than  what  was  needed 
in  the  humidified  H2  by  almost  two  orders.  Despite  the  disadvantage, 
our  ALD-based  YSZ/GDC  cell  showed  a  very  stable  and  high  OCV, 
even  with  a  thickness  ratio  of  6.5  x  10-5.  This  ratio  is  very  close  to  the 
theoretically  required  value  (see  Table  1).  The  YSZ  layer  was  only 
2.1 -6.7  times  thicker  than  the  calculated  thickness. 

The  discrepancy  in  the  functionality  of  these  two  different  kinds 
of  blocking  layers  (one  deposited  by  ALD  and  the  other  by  PLD)  is 
mainly  accredited  to  the  difference  in  their  microstructures. 
Reportedly,  there  are  inevitable  voids  and  pinholes  in  YSZ  layers 
deposited  on  a  porous  (rough)  substrate  by  PLD  [31].  Selective 
nucleation,  columnar  growth  on  a  rough  substrate  and  grain  growth 
in  the  lateral  direction  were  considered  to  cause  voids  and  pinholes 
in  the  PLD-YSZ  film,  especially  in  the  regions  closer  to  the  substrate. 
These  voids  and  pinholes  were  also  believed  to  be  the  source  of  the 
gas  leakage  and  lowered  OCV.  Considering  Myoung  et  al.  used  the 
PLD  technique  to  deposit  the  25  nm  YSZ  layer,  the  unstable  OCV  can 
be  attributed  to  the  voids  and  pinholes  in  the  film.  The  non- 
conformal  step  coverage  of  the  PLD-YSZ  film  might  have  resulted 
in  a  direct  access  of  fuel  (humidified  H2)  to  the  ceria  surface  and 
caused  the  OCV  to  become  unstable.  Another  reason  for  the  unstable 
OCV  can  be  found  in  the  lack  of  thickness  uniformity,  which  is  often 
observed  in  films  created  by  PVD  techniques.  The  PVD  film  thickness 
has  a  strong  dependency  on  the  distance  and  angle  from  the  target 
[32].  Consequently,  the  resulting  YSZ  thickness  varies  even  in  the 
same  sample  and  the  functionality  of  ceria  protection  can  fall  below 
the  expected  critical  point  in  some  areas.  The  ALD-based  film, 
however,  suffers  significantly  less  from  these  uniformity  and  void 
formation  issues.  In  one  study,  Shim  et  al.  compared  the  morphol¬ 
ogies  and  the  performances  of  anhydrous  proton  conducting  yttria- 
doped  barium  zirconia  electrolytes  prepared  by  ALD  and  PLD  33]. 
They  ascribed  the  difference  in  the  performance  to  the  surface 
morphology  differences.  In  the  AFM  analysis,  they  observed  that  the 
ALD  films  showed  close-packed  circular  grains  with  surface  rough¬ 
ness  of  <1  nm  while  the  PLD  films  consisted  of  loosely  packed  grains 
with  a  larger  roughness  of  2  nm. 

To  confirm  the  protection  effect  of  ALD-YSZ  on  a  rough  GDC 
surface,  SEM  images  were  taken  from  the  anode-side  surfaces  of 
pure  GDC  and  ALD-based  28YG  electrolytes.  We  obtained  the  im¬ 
ages  before  and  after  exposing  them  to  a  cell  operational  condition 
(600  °C  in  a  highly  reducing  dry  99.999%  H2)  for  ~80  h.  Numerous 
nano-cracks  were  found  to  appear  on  the  surface  of  pure  GDC  after 
the  operation  as  shown  in  Fig.  8(b),  but  no  significant  surface 
damage  was  observed  on  the  ALD-YSZ  surface  (Fig.  8(d)).  This  visual 
comparison  reassures  the  functionality  of  an  ALD-based  nano-thin 
YSZ  protection  layer  under  a  reducing  environment. 

4.  Conclusions 

In  order  to  maximize  ionic  conduction,  oxygen  reduction  reac¬ 
tion  and  chemical  stability  of  IT-SOFC  simultaneously,  YSZ/GDC  bi- 


Fig.  8.  SEM  images  of  pure  GDC  and  28YG  cells  on  the  anode  side  obtained  before  and 
after  exposure  to  an  operational  condition  (dry  H2  at  600  °C)  for  ~80  h;  pure  GDC  (a) 
before  and  (b)  after  operation  for  ~80  h.  28YG  (c)  before  and  (d)  after  operation  for 
~80  h.  While  numerous  nano-cracks  were  found  on  the  surface  of  pure  GDC  after  the 
operation,  no  significant  surface  damage  was  observed  on  the  28YG  sample  (with  an 
extremely  low  YSZ/GDC  thickness  ratio  of  6.5  x  10~5). 

layered  electrolyte  has  been  often  explored.  The  YSZ  film  in  a  bi¬ 
layer  is  expected  to  function  as  a  protective  layer  preventing  the 
underlying  GDC  film  from  being  chemically  reduced  on  the  anode 
side.  It  is  desirable  to  have  the  YSZ  layer  as  thin  as  possible  because 
of  its  relatively  low  ionic  conductivity  in  the  intermediate  tem¬ 
perature  range  (600-800  °C)  compared  to  GDC.  In  this  study,  first, 
the  degree  of  chemical  inter-diffusion  across  the  ALD-YSZ/GDC 


Table  1 

Comparison  of  theoretically  determined  YSZ/GDC  thickness  ratios  (r)  with  those  of  experimental  ratios  for  both  ALD  and  PLD-based  bi-layers. 


ALD-YSZ/GDC  cell  with  dry  H2  PLD-YSZ/GDC  cell  with  humidified  H2  [14] 


factual  (YSZ) 

28  nm 

63  nm 

150  nm 

25  nm 

50  nm 

100  nm 

200  nm 

Tactual  (YSZ/GDC) 

6.5  x  1(T5 

1.5  x  1CT4 

3.5  x  10"4 

2.5  x  10  2 

5.0  x  10"2 

0.1 

0.2 

^required  (YSZ/GDC) 
factual/f  required 

2.1— 6.7 

9.7  x  10-6  —  3.1  x  10"5 
4.8-15 

11-36 

1.8  x  105 

1.4  x  10 

3.6  x  105 

-7 

7.3  x  105 

1.5  x  10( 

OCV  status 

Stable 

Stable 

Stable 

Unstable 

Stable 

Stable 

Stable 

122 
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boundary  was  evaluated  with  respect  to  sample  fabrication  tem¬ 
perature  using  cross-sectional  SEM  imaging  and  XPS  analysis.  A 
significant  penetration  of  GDC,  especially  Ce  species,  into  the  YSZ 
layer  was  observed  in  the  bi-layered  electrolyte  with  the  temper¬ 
ature  of  1200  °C  and  higher.  In  addition,  AFM  topography  images 
displayed  localized  agglomeration  of  small  YSZ  grains  along  the 
grain  boundaries  of  the  underlying  GDC  film  (at  1200  °C).  Low  OCV 
values  from  bi-layer  electrolyte-based  cells  sintered  at  these  high 
temperatures  were  well  aligned  with  the  observed  phenomena. 
When  the  YSZ  side  faces  dry  H2  fuel,  OCV  values  of  the  cell  not 
exposed  to  high  temperature  remained  close  to  the  Nernstian  po¬ 
tential  even  after  80  h  of  operation,  even  with  28  nm  thick  ALD-YSZ, 
as  long  as  the  temperature  is  <600  °C.  This  study  also  discussed  the 
functionality  of  ALD-YSZ  protection  layers  compared  to  that  of  YSZ 
layers  deposited  by  the  PLD  method.  Based  on  this  study,  many 
other  SOFC  structures  with  thinner  electrolyte  (e.g.  anode/cathode 
supported  type,  self-supporting  thin  film  type)  might  also  adopt 
the  ALD  technique  to  form  a  functional  layer  and  can  avoid  the  loss 
of  stability  and  performance  with  the  fabrication/operation 
guidelines  we  suggested  here. 
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